One contribution of 17 to a discussion meeting issue 'Allostery and molecular machines'. Many functional roles have been attributed to homodimers, the most common mode of protein self-association, notably in the regulation of enzymes, ion channels, transporters and transcription factors. Here we review findings that offer new insights into the different roles conformational flexibility plays in regulating homodimer function. Intertwined homodimers of two-domain proteins and their related family members display significant conformational flexibility, which translates into concerted motion between structural domains. This flexibility enables the corresponding proteins to regulate function across family members by modulating the spatial positions of key recognition surfaces of individual domains, to either maintain subunit interfaces, alter them or break them altogether, leading to a variety of functional consequences. Many proteins may exist as monomers but carry out their biological function as homodimers or higher-order oligomers. We present early evidence that in such systems homodimer formation primes the protein for its functional role. It does so by inducing elevated mobility in protein regions corresponding to the binding epitopes of functionally important ligands. In some systems this process acts as an allosteric response elicited by the self-association reaction itself. Our analysis furthermore suggests that the induced extra mobility likely facilitates ligand binding through the mechanism of conformational selection.
SJW, 0000-0002-0701-6545
Many functional roles have been attributed to homodimers, the most common mode of protein self-association, notably in the regulation of enzymes, ion channels, transporters and transcription factors. Here we review findings that offer new insights into the different roles conformational flexibility plays in regulating homodimer function. Intertwined homodimers of two-domain proteins and their related family members display significant conformational flexibility, which translates into concerted motion between structural domains. This flexibility enables the corresponding proteins to regulate function across family members by modulating the spatial positions of key recognition surfaces of individual domains, to either maintain subunit interfaces, alter them or break them altogether, leading to a variety of functional consequences. Many proteins may exist as monomers but carry out their biological function as homodimers or higher-order oligomers. We present early evidence that in such systems homodimer formation primes the protein for its functional role. It does so by inducing elevated mobility in protein regions corresponding to the binding epitopes of functionally important ligands. In some systems this process acts as an allosteric response elicited by the self-association reaction itself. Our analysis furthermore suggests that the induced extra mobility likely facilitates ligand binding through the mechanism of conformational selection.
This article is part of a discussion meeting issue 'Allostery and molecular machines'.
Introduction
Oligomers composed of identical protein subunits, also denoted as 'homooligomers' or 'homomers', are the most prevalent type of protein complexes [1] [2] [3] .
Many studies have been devoted to the analysis and classification of homomers and the evolutionary processes underpinning their formation [3, 4] . Dimers, which form twofold symmetric interfaces, have received particular attention as they represent a major fraction of the homomers. Such interfaces were suggested to evolve more readily than non-symmetric (heterologous) interfaces, because mutations that individually may not stabilize a non-symmetric interface could stabilize a symmetric one [5 -7] .
Numerous functional roles have been attributed to homomeric associations of proteins (for review see [8] ). These include regulation of ion channels, receptors, transcription factors, and especially enzymes, whose active sites are often located at the subunit interface. In particular, homodimers were shown to be involved in allosteric regulation [9] [10] [11] , whereby a ligand binding event at one site of the protein induces conformational changes affecting the binding activity elsewhere in the protein [6, 12, 13] . Evidence is also available that homodimerization and more generally homo-oligomer formation, enhance protein stability [1, 14] , including in proteins forming intertwined associations [15] , and that homo oligomer formation may help protect against aggregation in some systems [16] .
Here we review and discuss some of our findings, which offer new insights into the types of functional roles homodimers play, and more particularly on how these roles may be enabled. These findings are derived from investigations on two types of protein systems. In one type of system the proteins comprise two structural domains (see reference [17] for definition) and form stable homodimers that adopt a range of different conformations and association modes. The other type of system comprises proteins that carry out their biological function as homodimers but may also exist as monomers. For both system types, we analysed 3D structures representing different oligomeric states of the same protein, focusing on their conformational flexibility. Relating this information to known binding sites of other functionally relevant ligands (including other macromolecules) has allowed us to uncover mechanisms exploited by evolution, whereby homodimer formation and the specific association modes in which the subunits engage act to regulate protein function. We find furthermore that in some systems the self-association process itself seems to elicit an allosteric response-enabling ligand binding elsewhere in the protein and thereby priming the protein for new functions.
Conformational flexibility of homodimers as a means to regulate function
A systematic analysis of intertwined associations in homoligomeric proteins [15, 18] identified a class of associations where proteins with two or more structural domains [17] form homomers in which structural domains are exchanged between the subunits. In these self-associations, termed D-type intertwined homomers, inter-molecular domaindomain interactions are more extensive than those between domains in the same subunit [15] .
(a) Homodimer intertwining and conformational flexibility
The vast majority of all D-type intertwined homomeric associations are dimeric, schematically depicted alongside their non-intertwined counterparts in figure 1. Of particular relevance to the present review is the detailed investigation of their structural flexibility, and how this flexibility impacts function [18] . This investigation quantified the domaindomain arrangements, the corresponding inter-molecular interfaces between domains, and the resulting quaternary topologies in a representative set of D-type homodimers of two-domain proteins, and measured the extent to which these structural descriptors are conserved across structures of closely related proteins in the Protein Data Bank (PDB) (greater than 50% sequence identity). The same analysis was carried out for a non-redundant representative set of corresponding non-intertwined homodimers (see electronic supplementary material, figure S1 for a pictorial summary and reference [18] for detail). In both analyses, the related proteins comprised evolutionary homologues or the same protein in different crystal environments, irrespective of their oligomeric state. Interestingly, proteins related to D-type intertwined homodimers were approximately four times more likely to adopt different intra-molecular domain-domain arrangements than were proteins related to their non-intertwined counterparts [18] . These rearrangements involved sizeable changes in the relative orientations and positions of the domains, but only small conformational changes within individual domains (approx. 1 Å RMSF (root mean square fluctuation)). This indicates in turn that the observed conformational rearrangements in these proteins represent large-scale global structural changes, which translate into concerted motions between domains.
To evaluate the influence of the intra-molecular domain rearrangements on subunit assembly, the landscape of D-type intertwined homodimers was partitioned into four major groups of proteins on the basis of their inter-molecular domain-domain association modes and the structural diversity of these modes among homologues (figure 2). Two groups, representing 42% of the analysed families, have wellconserved intertwining topologies where domains from different subunits associate head to head (H2H) or head to tail (H2T), resulting in relatively well conserved inter-subunit interfaces. The two other groups contain proteins with partially conserved or non-conserved inter-molecular domain-domain interfaces, displaying a diverse range of association modes.
(b) Leveraging conformational flexibility to regulate function
Surveying the proteins within individual groups revealed that the modular structure of multi-domain proteins and the flexibility of their inter-domain arrangements are important factors exploited by evolution to regulate function. These two factors enable the corresponding homodimers to adjust the spatial positions of key recognition surfaces, which are typically found on an individual domain, while maintaining or breaking their symmetric arrangement. related dimeric associations with well-conserved H2H contacts, but rather diverse intra-molecular domain orientations corresponding to active and inactive states (figure 2a). Another example is the MerR family transcriptional regulator BmrR, which forms D-type dimers with conserved H2T arrangements (figure 2b). The D-type dimer and one of its close relatives correspond to the DNA-bound [20] and -unbound [21] structures of BmrR, which are believed to represent high-and low-affinity DNA binding states, respectively. A broader range of regulatory mechanisms afforded by the flexibility of these systems is illustrated by examples from the category of D-type dimers with poorly-or nonconserved subunit interfaces. One such example is the phosphoenolpyruvate : sugar phosphotransferase system (PTS) regulation domain from the LicT transcriptional antiterminator [19, 22] . The two closely related variants of the protein adopt a similar H2T arrangement but the corresponding inter-molecular interface is poorly conserved (figure 2c). One variant is believed to represent the native inactive state, whereas the other corresponds to a constitutively active mutant. The observed changes in the quaternary structure seem to cause dimer activation by exposing regulatory phosphorylation sites, which are buried in the native inactive dimer.
More extreme cases of structural diversity occur in proteins from the group with non-conserved inter-molecular domain interfaces. Interestingly, the majority of these proteins are closely related to the corresponding D-type dimers, with sequence identities of 85% or higher. The role of sequence variation cannot be ruled out even for close relatives in this group. But a more important role may in general be played by the presence or absence of binding partners, or The inactive-to-active transition of the intertwined dimer involves a significant conformational change, which exposes regulatory phosphorylation sites that are buried in the native inactive dimer [19] . (d ) Examples of the Thermus thermophilus ribosomal protein L11 methyltransferase PrmA proteins with non-conserved dimer contacts. Shown is the apo-enzyme, predicted to represent a D-type intertwined association (PDB code 2NXC), and the monomeric form bound to its substrate, the L11 protein (PDB code 2NXN). Examples in (a -c) represent cases where related homomers have different conformations, but a conserved quaternary state. In (a) and (b) a significant patch of the subunit interface is well conserved, whereas in (c) it is only partially conserved, while still maintaining an intertwined arrangement. (d) An example where the related protein is monomeric and hence the subunit interface of the dimer is completely disrupted.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170190 changes in crystallization conditions, both of which reflect the higher degree of intrinsic flexibility of the corresponding proteins. One example of proteins in this group is the Thermus thermophilus ribosomal protein L11 methyltransferase PrmA. The subunit interface of the original D-type dimer is formed neither in its homologues nor in another structure of the same protein (figure 2d). Structures of this twodomain protein adopt five distinct intra-molecular domain orientations [18] . Three of these are observed in Apo-PrmA, which are D-type intertwined dimers. All share the same H2H dimeric contacts. The other two orientations correspond to heteromeric PrmA-L11 complexes, where the homodimer interface is lost and the catalytic domain is repositioned to act on different methylation sites of L11 [23] . Remarkably, closer inspection reveals that the PrmA interface forming the heteromeric contact in the PrmA-L11 complex (PDB code 3CJT, [24] ) is the same as the homodimer interface detected in the apo-enzyme structures, suggesting in turn that Apo-PrmA dimerization may act to shield the recognition surface from solvent in absence of its substrate. Another example from the same diverse group is the Pseudomonas putida Pilz-containing protein PP4397, where the protein undergoes a dimer to monomer transition, mediated by the presence of a small molecule ligand [25] . The ensuing change in domain orientation and the resulting change in quaternary assembly mode are thought to promote interactions with other unidentified downstream binding partners. Homodimers that undergo such ligand-induced oligomeric state changes generally tend to represent weaker association modes, as suggested by their comparatively smaller interface area between subunits [18] . This facilitates other molecules to compete with dimer formation, and may pose a challenge for oligomeric state assignments of proteins that are based on information from related structures in the PDB [26] [27] [28] .
Very similar concepts highlighting the interplay between the structural adaptability of individual protein subunits and their quaternary assembly modes as an important mechanism leveraged by evolution to regulate function have emerged from studies analysing the spectra of soft collective modes of protein systems, such as those readily modelled by elastic network models (ENMs) (for review, see [29] and references therein).
Homodimer formation primes proteins for new function: the role of altered dynamic properties
The previous section illustrated how self-association leverages conformational flexibility of intra-molecular domain-domain arrangements to regulate function.
Here we discuss a mechanism whereby self-association, more particularly homodimer formation, primes the protein for a new or altered function, mainly by modifying the dynamic properties of the component subunits. In some of the analysed systems homodimer formation itself appears to elicit an allosteric response that alters the binding properties to cognate ligands elsewhere in the protein.
In the study leading to these observations, we searched the PDB for pairs of monomer and homodimer protein structures with closely related or identical amino acid sequences, and for which the binding sites of functionally important
and backbone RMSF values (for nuclear magnetic resonance (NMR) structural ensembles) were analysed as an initial convenient proxy for evaluating mobility. This analysis suggested that regions with elevated backbone mobility in the monomer contribute to the newly formed dimer interface and lose mobility upon dimerization, whereas the binding epitopes of the functional ligands gain mobility, a trend subsequently supported by further computational analyses.
(a) Homodimer formation increases backbone mobility at ligand binding epitopes: initial observations
This apparent mobility 'migration' phenomenon was observed in nearly all the identified monomer -dimer pairs, which comprised both single-and multi-domain proteins. Figure 3 illustrates examples of this mobility 'migration' phenomenon in three small single-domain protein systems. This figure highlights regions along the polypeptide that lose or gain mobility upon homodimer formation, as identified from the structural data, and annotates their relation to the subunit interface and to regions known to bind the functionally important ligands. Additional examples of larger proteins displaying this phenomenon are shown in the electronic supplementary material, figure S2 . The examples in figure 3 are the bacteriophage CRO repressor, the sugar binding lectin griffithsin (GRFT), and the dynein light chain subunit DLC8. These proteins form obligate homodimers that are marginally intertwined (see legend of figure 3 for details). The monomeric forms of CRO and GRFT were stabilized by small sequence alterations (two mutated residues in GRFT [30] and addition of five residues to the C-terminus for CRO [31] ). For all three systems homodimer formation is either necessary for, or significantly improves, binding of the functionally important ligands. CRO binds DNA with high affinity exclusively as a homodimer [32, 33] , with residues Q16, Y26, Q27 and S28 shown be important for binding [34] . The GRFT homodimer is reported to display a 15-fold higher affinity for the glycosylated form of the HIV-1 gp120 protein than the monomeric form [30] , with residues S27, D67 and D109, shown to contribute to both gp120 and nonamannoside binding [35] . The DLC8 protein binds various peptides from target proteins with diverse functions [36] . In the complex studied here DLC8 binds the nine-residue peptide of the apoptotic protein Bcl-2-like protein (BIM), with binding site residues including E35, T67, H68 and F73 [36] . The ternary homodimer-ligand complexes formed in the three systems are depicted in the electronic supplementary material, figure S3 .
In CRO and GRFT, the residues of the ligand binding epitope are distinct from those forming the homodimer interface (figure 3), although the spatial separation between the two sets of residues may not be large owing to the small size of the protein subunits. In addition, global changes in the backbone conformation upon dimerization are relatively small (0.5-1.6 Å RMSD). The situation is more complex for DLC8. On the basis of the NMR solution structures analysed here, we found the monomer to dimer transition to be accompanied by a significant conformational adjustment (and associated loss of mobility) of a segment forming the dimer interface. Furthermore, the dimer interface and the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170190 region binding the nine-residue BIM peptide largely overlap (see figure 3 and electronic supplementary material, figure S3 for details). However, the region with newly acquired mobility upon dimerization borders the more flexible N-terminal portion of bound peptide ligand, and may therefore be the key element that enables the DLC8 protein to bind a diverse set of cognate peptides with different lengths and sequences.
Taken together these observations suggest that the changes in backbone dynamics that occur upon homodimer formation, and more particularly the newly acquired regions of elevated mobility, may be important factors enabling specific recognition of functionally important ligands.
(b) Computer simulations support observed backbone mobility changes
Before investigating the role of these mobility alterations any further, it was necessary to validate the initial observations, considering that they were derived from cursory and noisy descriptions of the polypeptide mobility profiles implied from crystallographic B-factors, or NMR structural ensembles. To this end classical molecular dynamics (MD) simulations with the Amber package [37] as well as the multiple replica repulsion (MRR) enhanced sampling technique [38] were employed to sample the native conformational space of the monomer and homodimer species of the considered proteins. Analysis of the computationally generated conformational ensembles confirmed the observed backbone mobility 'migration' phenomenon. It showed a rather good correspondence between the RMSF profiles derived from the computed ensembles and the mobility plots obtained from the experimental data (figure 4). The Pearson correlation coefficients between the two monomer and two dimer fluctuation profiles, respectively, range between 0.6 and 0.9, when averaged over three-residue segments, and are somewhat lower The plotted values are the backbone RMSF values (or B-factors) from which the average value across all residues (av) was subtracted. Orange segments (or slabs) highlight residues that contribute to the subunit interface in the homodimer, whereas light blue (stippled) segments (slabs) highlight residues that make up the interface with the recruited binding partner (the HIV1 gp120 protein for GRFT, the apoptotic protein Bcl-2-like protein (BIM) for DLC8, and DNA for CRO). Residues contributing to the subunit or ligand binding interface were defined as those with at least one atom within at most 5 Å distance of an atom of the neighbouring subunit or ligand moiety. These interface regions are mapped onto the conformational ensembles of each system displayed in the left panels.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170190 when no averaging is performed (electronic supplementary material, table S1). Importantly, the regions with quenched mobility upon dimer formation, and those with accrued mobility, are well reproduced. These findings suggest that the mobility 'migration' phenomenon upon homodimer formation is an intrinsic property of the molecular entities, and not an artefact of the structure determination methods. For two proteins, GRFT and CRO, the impact of homodimerization on their backbone mobility profiles was further confirmed by the rather good correspondence between the mobility profiles of the monomers and those of the dimer structures deconstructed into monomers, respectively derived from conformational ensembles generated using 40 ns MD simulations. Figure 5 shows indeed that the RMSF profile of the bound subunits approaches that of the independent monomer when the neighbouring subunit is not included in the simulations. The Pearson correlation coefficient for the two profiles is approximately 0.9 for CRO, and approximately 0.5 for GRFT, with the latter lower value mainly due to differences in the mobility of the protein N-terminus. Considering that small sequence changes were introduced to stabilize the unbound (monomeric) forms of the two proteins, the good correspondence between the profiles of the bound and unbound forms of the protein also indicates that the profiles are marginally impacted by the sequence changes.
Thus, taken together these results imply that the increased mobility of a functional ligand's target epitope is conditional on the presence of the neighbouring subunit. Based on our models of these two systems, we propose that homodimer formation (e.g. the self-association process) is the effector binding reaction that elicits an allosteric response, which alters the binding affinity to the cognate ligand elsewhere in the protein.
(c) The newly acquired mobility at the binding epitopes facilitates ligand binding Lastly, it is important to examine the role played by the newly acquired mobility of the binding epitopes and its consequences for the binding mechanism. The mechanism of ligand binding in proteins has been the subject of much debate for nearly five decades, fuelled by the proposal of two major competing models. The induced-fit model [12] , which stipulates that ligand binding induces the protein to adopt a conformation that 'fits' the ligand, and the conformational selection model [6, 39] , according to which the ligand 'selects' (stabilizes) conformations that are already sampled by the protein in absence of the ligand. With recent data strengthening the evidence in favour of conformational selection playing a major role [40] we set out to investigate if this was also the case for the few systems for which high-resolution crystal structures of the ternary complex (homodimer-ligand) were available. Results obtained so far are limited to those for the GRFT and CRO proteins. They are also preliminary in that they were derived from conformational ensembles of the proteins generated from relatively short classical MD trajectories of only 40 ns, which may incompletely sample the native basin of these systems. Nevertheless, analysis of the simulated conformational ensembles of the GRFT protein show that the apoform of the GRFT homodimer samples conformations that resemble more closely the ligand-bound interface in the GRFT -mannose ternary complex than does the GRFT monomer ( figure 6 ). This result supports the contention that in this system, binding of the functional ligand occurs via the conformational selection process at least as far as backbone conformations are concerned. A similar analysis carried out for the CRO protein was however inconclusive, possibly due to the limited duration of the computed trajectories. While it is attractive at this point to advocate that conformational selection plays an important role in facilitating the recruitment of other binding partners in these systems, a more thorough analysis of a much larger protein set is needed to firmly establish conformational selection as the prevailing mechanism whereby ligands are preferentially recruited following homodimer formation. Subjecting a larger dataset of protein systems to the type of analyses outlined here would provide a strong evidence base from which to evaluate our proposal, namely that protein association 'primes' the protein for new function prior to the ligand association, and that this is in great part achieved by inducing elevated mobility at the binding epitopes. Relating the mobility changes to those of the cooperative motions of the subunits [29, 41] , and quantifying them in terms of their contributions to the global conformational entropy balance of dimerization [42] should help shed further light on the physical factors that enable the protein association process to regulate function.
Concluding remarks
In this review we discussed findings that provide new insights into the role played by homodimers, the most common mode of protein self-association, in regulating protein function.
First we reviewed evidence that stable intertwined homodimers of two-domain proteins belong to protein families whose members display substantial diversity in intramolecular domain-domain arrangements. We furthermore illustrated how this diversity enables the corresponding proteins to regulate function across family members by adjusting the spatial positions of key recognition surfaces of individual domains, to either maintain subunit interfaces, alter them or break them altogether, leading to a variety of functional outcomes.
Next we presented new findings that offer a rationale for the observed differences in ligand binding properties between the monomer and homodimer states of several systems, leading us to propose a potentially more general mechanism whereby homodimer formation may regulate function. Using as examples three protein systems, which we were able to analyse in some detail at this point, we showed that homodimer formation primes the protein for binding its cognate ligands by inducing additional mobility in regions corresponding to the ligand binding epitopes. We also provided preliminary evidence that this targeted extra mobility likely facilitates ligand binding through the mechanism of conformational selection. In two of the examples, the CRO repressor and the GRFT, we contended that self-association elicits an allosteric response elsewhere in the protein in which changes in the dynamic properties Figure 5 . Computed backbone mobility plots of CRO and GRFT dimer subunits, both bound and separated into monomers, together with plots of the original monomers. Shown are plots of backbone RMSF computed from conformational ensembles derived from 40 ns MD simulations [37] performed using as input, respectively, the atomic coordinates of the monomer (unbound), those of the independent bound subunit, and those of the bound subunit in the dimer context. (a) Plots for lectin griffithsin GRFT. (b) Plots for the bacteriophage CRO repressor. These plots show that the fluctuation profile of the bound subunit tends to revert to that of the independent monomer when the neighbouring subunit is not included in the simulations. This in turn indicates that the small differences in sequence between the engineered CRO and GRFT monomers (two mutated residues in GRFT and five additional residues at the C-terminus of CRO), and wild-type forms of the subunits in the dimer, have a small effect on the mobility profiles. (Online version in colour.) Figure 6 . Sampling of ligand binding epitope conformations for GRFT in the monomer and apo-homodimer states. Histograms showing the correspondence between the ligand-bound epitope conformation of the dimer [35] , and conformations of the epitope generated from 40 ns MD trajectories [37] of the monomer (blue columns) and apo-dimer (red columns) (see text for further detail). It is clear that the GRFT apo-homodimer samples epitope conformations more closely resembling the ligand-bound epitope structure than those sampled by the GRFT monomer. (Online version in colour.)
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170190
of the polypeptide play a major role, and preliminary analyses suggest that these examples are far from unique. The key role of the changes in dynamic properties observed here may be related to that played by conformational entropy in molecular recognition by allosteric systems such as calmodulin [43, 44] or the catabolite activator protein (CAP) [45, 46] , and is in line with the concept of 'dynamic allostery' pioneered by the work of Cooper & Dryden [47] . Additional analyses of a larger dataset of protein systems are clearly necessary to establish the general significance of these findings, and among other things to find out if they extend to heteromeric associations and associations involving macromolecules other than proteins.
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